Total dissolution is a critical step in geochemical analysis. Despite the number of published protocols, this issue still draws attention for sediment samples, which are particularly difficult to dissolve due to the common occurrence and high abundance of refractory phases such as zircon. We present tests of different chemical digestion procedures carried out on reference materials (RM) of stream (JSd-1, JSd-2 and JSd-3) and lake (JLk-1 and LKSD-1) sediments from the Geological Survey of Japan (GSJ) and the Canadian Certified Reference Material Programme (CCRPM). We demonstrate that the fusion technique is not appropriate for our studies as not all elements of interest were recovered and blank levels were too high to permit further Sr and Pb isotopic composition measurements. Similarly, conventional HF+HNO3 dissolution methods were not efficient enough for detrital samples. Our preferred method involved using high pressure Teflon® vessel bombs in association with HClO4. This protocol ensured a complete dissolution of the powder, as well as a complete recovery of trace elements. Moreover, blank levels were sufficiently low that Sr or Pb isotope compositions could be measured from the same mother solution. We also tested the homogeneity of RM powders by performing tests on various amount of powder.
Sample digestion is a critical stage in the process of chemical analysis of geological material.
Especially since developments of modern multi-element measurement instrumentation, such as ICP-MS, HR-ICP-MS or MC-ICP-MS, which allow fast and highly precise solution analysis but require purest solution for the analytes. Despite the multitude of digestion techniques, complete dissolution of some sample types is still problematic. This is particularly true for sediment samples, which are especially difficult to dissolve due to the occurrence of refractory minerals such as zircons. Numerous studies have been published in the past, presenting various methods including conventional HF + HNO 3 acid dissolution procedures, HF + HNO 3 + HClO 4 procedures, with or without the use of high pressure digestion vessels or fusion techniques (Toutain and Meyer 1989 ,Townsend, et al. 1998 , Toutain and Meyer 1989 , Makishima and Nakamura 1997 , Taicheng, et al. 2002 , Liang, et al. 2000 , Yamamoto, et al. 2005 , Yokoyama, et al. 1999 , Dulski 2001 , Yu, et al. 2001 , Münker 1998 , Weis, et al. 2006 , Pretorius, et al. 2006 . However, few studies were specifically dedicated to sediment RM and there is a need for an efficient and reliable method for detrital sediment dissolution.
Sediment geochemistry is an increasingly attracting domain for the scientific community and numerous marine and continental paleo-environmental and paleo-climatic researches now involve geochemical studies. A usually limiting factor to the use of geochemical data, such as trace element analyses or radiogenic isotope compositions, in sediment provenance or climatic cycle's studies is the number of samples involved. Depending on the sediment accumulation rates, high-resolution investigations of environmental or climatic changes at various time scales require analysing hundreds of samples. Moreover, numerous proxies, used in those investigations, such as stable isotopes or biostratigraphy data, are usually analysed at a cm-scale. In order to consistently compare the various sets of data, it is therefore necessary to achieve similar resolution. In addition, complexity of such natural systems implies multi-Révillon and Hureau, revised version 19/10/2009
Digestion techniques
Five distinct digestion methods were tested in order to determine the most efficient procedure for sedimentary material digestion. The first one is a fusion method and the four others are conventional acid digestion procedures.
Alkaline fusion
We tested the alkaline fusion technique developed by Taicheng, et al. (2002) for soils and sediment samples and further tested by Bayon, et al. (In press) . It involves alkaline fusion with NaOH-Na 2 O 2 as the flux followed by pre-concentration of trace element using Fe(OH) 3 -Ti(OH) 4 prior to ICP-MS analyses. About 100 mg of sediment RM were weighted and placed in the crucible with 1.2g Na 2 O 2 (pro analysis, Fluka) and 0.6g NaOH (pellets, Riedel-deHaën) and fused in a furnace at 650°C for 15 minutes. After cooling, the melt is dissolved and iron hydroxides are precipitated by adding 10ml of ultra-pure water.
Acid digestion procedures
100 mg of powdered sample were carefully weighted in 30 ml Savillex® PFA Teflon® beaker (Method A) or 30 ml PTFE Teflon® vessels designed for our high pressure digestion apparatus (Methods B through D).
Method A:
This first protocol is a classical acid HF-HNO 3 dissolution method. 3 ml of HF (24 mol l -1 ) and 1 ml of HNO 3 (14 mol l -1 ) were slowly added to the weighted sample to avoid drastic reaction. The Savillex® beakers were tightly closed and agitated for 20 mn in an ultrasonic bath. Beakers were placed on a hot plate at 130°C for 48h. Solutions were dried at 80°C for about 12h to ensure complete evaporation of HF. The temperature of the hot plate was then Révillon and Hureau, revised version 19/10/2009 increased to 120°C until complete dryness. The dried residue was dissolved in 1 ml HCl (6 mol l -1 ), heated for about 12h on a hot plate at 120°C and dried again at 120°C. The dried residue was then dissolved in a mother solution of 40 ml HCl (3 mol l -1 ) (Figure 1 ).
Method B:
In method B, 3 ml HF (24 mol l -1 ) and 1 ml HNO 3 (14 mol l -1 ) were carefully added to the weighted sample in PTFE Teflon® vessels and agitated for 20 mn in an ultrasonic bath.
Teflon® lids were adjusted on the vessels and transferred into stainless steel high-pressure digestion apparatus. We placed them in an oven to cook at 160°C for 7 days. Solutions were then transferred into 30 ml concave bottom Savillex® PFA beakers and, as in Method A, a two-step evaporation procedure was adopted (80°C for 12h and 120°C until complete dryness). The dried residue was dissolved in HCl (6 mol l -1 ), heated and dried before making the mother solution in 40 ml HCl (3 mol l -1 ) (Figure 1 ).
Method C and D are identical except for the amount of HClO 4 added to the weighted sample.
In both methods, 5 ml of HF (24 mol l -1 ) and 1 ml of HNO 3 (14 mol l -1 ) were added to the sample and 0.2 ml and 1 ml of HClO 4 were added in method C and D, respectively, in PTFE Teflon® vessels. Closed vessels were agitated for 20 mn in an ultrasonic bath, placed in stainless steel high-pressure apparatus and oven-cooked for 7 days at 160°C. Solutions were then transferred into 30 ml concave bottom Savillex® PFA beakers, dried at 80°C for about 12h and 120°C for about 4h. Savillex® PFA beakers were then tightly closed and heated in an Analab Evapoclean® apparatus at 160°C for about 12h. Solutions were then dried at 160°C
for about 12h and 180°C until complete dryness in an Analab Evapoclean® apparatus. The dried residue was dissolved in HCl (6 mol l -1 ), heated and dried before the mother solution was made in 40 ml HCl (3 mol l -1 ) (Figure 1 ). 
Trace element analysis
Measurements were performed on an Element 2 HR-ICP-MS equipped with an ASX 100
auto-sampler at the Institut Universitaire Européen de la Mer (IUEM, Brest, France) using a Tm addition spike technique (Barrat, et al. 1996) . The mother solutions in HCl 3 mol l -1 are made up at least 48h prior to analysis so that the solutions are properly homogeneous and stable. The day before analysis, 0.95 ml of the mother solution (HCl, 3 mol l -1 ) was carefully weighted; 0.07ml of Tm spike was added in Savillex® beakers and dried down on a hot plate.
Dried residues were dissolved in 0.1 ml concentrated nitric acid and diluted with 14 ml Milli-Q® water just before analysis on the ICP-MS. International rock standard solutions of BHVO-2 or B-EN were used as reference solutions and run after every batch of three samples for the correction of instrumental drift. The measurement settings and calculations using Tm addition follow those of Barrat, et al. 1996) and are further described in Bayon et al (In press).
Results and discussion
All concentration results are given in Table 1 (Figures 1-4 ).
Fusion procedure:
The main advantage of fusion techniques is to ensure rapid and complete digestion of all rockforming minerals, including highly resistant minerals. The main limitation of this method is, however, potential contamination problems related to the use of impure reagents and metal crucible and incomplete recovery of all elements of interest. As reported in Despite the rapidity of the technique and its efficiency for some elements (mainly the REE),
we decided not to carry on using this procedure because of two main limitations: (1) blank levels and (2) the lack of recovery for some element of interest in our sediment geochemistry studies.
Methods A through C:
Révillon including the REE are lost during the digestion procedure ( Figure 2 ) and none of the RM gave satisfactory results. We do not expect any problems related to storage duration of the diluted solutions as they were systematically prepared immediately prior to measurements. An explanation to this feature may be that insoluble phases precipitate at high temperature when HF and HNO 3 only are used or that 1 ml of HCl is insufficient to remove all the fluorides.
Such an effect has already been noticed for mafic silicate rocks in which many trace element including the REE precipitate as insoluble fluorides (Yokoyama, et al. 1999) . We can also note that the amount of insoluble phase precipitating is probably highly variable as reflected by the relatively high RSD % values calculated for Method B analyses (Table 1) . Another likely possibility is that 3ml of HF was not sufficient to dissolve all the silicates resulting in a partial dissolution of the silicate phases. During the course of this set of experiments, we noticed a relationship between the amounts of sample dissolved (varying between 100 and Révillon and Hureau, revised version 19/10/2009 110 mg) and the low quality of the results. Whenever the sample weight was slightly higher, the quality of the recovery was worse. We concluded that increasing the volume of HF would probably improve the procedure and 5ml of HF was used for methods C and D.
Method C gave satisfactory results for reference material JSd-1, JSd-2 and JSd-3 compared to published values (Table 1 , Figure 2 ). However, we noted that Zr and Hf results with this method were still slightly lower than the published values and concluded that zircon may have not been completely dissolved (Table 1 ). In contrast, reference material Jlk-1 gave mitigated results. It is clear from Figure 2 that Jlk-1 was only partially dissolved with method C or that an insoluble phase formed during the dissolution process leading to a partial recovery of the sample in the solution.
Method D:
For each analysed RM, method D gave the most accurate results compared to the published values. Numerous duplicate solutions were made for each RM (between 6 and 16, Table 1 ) in order to check the reliability and the reproducibility of the method. We also tested this protocol on well-measured international standards such as dolerite WS-E and granite GS-N (Table 1 , Figure 2 ). Results for WS-E and GS-N are in very good agreement with certified values and RSD % for our measurements are less than 10% for most elements. Exceptions to this are mainly Cs, Nb and to a lesser extend Pb for GS-N and Nb for WS-E (Table 1) .
Results for JSd-1 are in fairly good agreement with published values and RSD % are below 15% except for Rb and Nb (Table 1) for JSd-3 gave very high Pb contents compared to the others, which drastically increased the calculated RSD to 33% and 31% respectively. As these two solutions were run on the same day, one can suspect a contamination problem or a memory effect in the machine at this precise time. Results for Jlk-1 are overall less satisfactory than measurements on stream sediment samples. Calculated RSD are slightly higher around 10 to 15%. An explanation to these results might reside in the fact that this lake sediment sample contains a consequent amount of organic material (~15 000 ppm, Imai, et al. 1996) and may therefore decrease the stability of the solution. Results of trace metals analyses (mainly V, Co, Cu, and Ga, Figure 4 ). In contrast, reference material LKSD-1 gave highly variable concentrations depending on the amount of sample dissolved. Concentrations are clearly higher in experiments carried with 100 mg (4 duplicates, Table 1 ) than with 200 mg and 400 mg (two duplicates each, Table 1 ).
Careful examination of the spidergrams, reveals that patterns are strictly parallel suggesting a dilution process (Figure 4 ). We suggest that the powder contain variable amounts of quartz that can dilute trace element content without fractionation of trace element between each other.
Conclusion
Sample digestion is a critical stage to ensure high quality geochemical analyses of geological material. It is particularly relevant for sediment analyses, as this type of material is naturally highly heterogeneous and highly resistant to acid dissolution. Occurrence of refractory minerals such as zircon makes it difficult to obtain a complete dissolution of the samples. In this study, we compare various methods of sediment dissolution using different acid associations and high pressure-high temperature Teflon® vessels as well as a fusion technique. We show that the fusion procedure is efficient and rapid but does not allow analysing all element of interest. Moreover, blank levels are very high for some elements ruling out any further Sr or Pb isotope composition analyses from the solution. We show that Révillon and Hureau, revised version 19/10/2009 HF + HNO 3 digestion procedures are not sufficient to ensure a complete dissolution of refractory phases (Method A), even when placed at high temperature and high pressure for a long period (7 days, method B). We achieve a complete dissolution of our Reference Materials (RM) by adding HClO 4 and using stainless steel Teflon® vessels. We also demonstrated that a minimum amount of HClO 4 is necessary to ensure a full dissolution (Methods C and D) . In order to check its reliability and reproducibility, we have tested our preferred method (method D) on five sediment RM powders: stream sediments JSd-1 (16 duplicates), JSd-2 (7 duplicates) and JSd-3 (6 duplicates) and lake sediments Jlk-1 (8 duplicates) and LKSD-1 (4 duplicates). We further confirmed the reproducibility of our method on well characterised international RM for granite (GS-N, from the Centre de
Recherches Pétrographiques et Géochimiques, CRPG) and basalt (WSE, CRPG). Our results indicate that our method allow to obtain a complete dissolution of the sample and a complete recovery of the trace element. Our measured blanks are also very low, which permit to undertake chemical separations for further radiogenic isotope analyses (Sr, Nd, Pb, Hf).
Although this protocol seems time-consuming, including numerous steps, we strongly suggest its use for sediment geochemistry studies. The main advantage of our method is that once a mother solution is made up, one can undertake any type of analyse including Sr, Nd and Pb isotope work.
During the course of these experiments, we have also tested the homogeneity of RM powders.
We noticed that RM LKSD-1 might be heterogeneous, containing variable amount of quartz 
Figure 1:
Flow chart illustrating the different digestion procedure tested in this study. , et al. 2005 , Dulski 2001 , Imai, et al. 1996 , Garbe-Schönberg 1993 , Govindaraju 1994 , Sahoo, et al. 2001 . 
